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Abstract Japanese encephalitis (JE) is the most important
form of viral encephalitis in Asia. The critical factors
determining mortality and severity of JE virus (JEV) infec-
tion remain unclear. We identified brain-infiltrating T cells
associated with a fatal outcome of JEV infection in mice.
Dying mice were defined as those that lost more than 25 % of
their body weight by day 13 and died by day 21, while sur-
viving mice were defined as those that lost less than 10 % by
day 13, based on the result of the survival time course study.
Two groups of five mice that demonstrated brain virus titers
of[1 9 106 pfu/g were randomly selected from the dying
and surviving groups and used in the analyses. Cytokine
patterns in brains were first examined, revealing a higher
ratio of Th1-related cytokine genes in dying mice. The
expression levels of CD3, CD8, CD25, and CD69 increased
in JEV-infected mice relative to mock-infected mice.
However, expression levels of these cell-surface markers did
not differ between the two groups. T-cell receptor (TCR)
usage and complementary determining region 3 (CDR3)
sequences were analyzed in the brain-infiltrating T cells. T
cells expressing VA8-1, VA10-1, and VB2-1 increased in
both groups. However, the dominant T-cell clones as defined
by CDR3 amino acid sequence differed between the two
groups. The results indicate that the outcome of JEV infec-
tion, death or survival, was determined by qualitative dif-
ferences in infiltrating T-cell clones with unique CDR3
amino acid sequences.
Introduction
Japanese encephalitis virus (JEV) is a member of the
family Flaviviridae. JEV is endemic in many countries
located in Southeast and South Asia [1]. JEV causes fatal
encephalitis associated with damage to the central nervous
system (CNS) in humans. Clinical manifestations caused
by JEV range from infections and fevers, with complete
patient recovery, to debilitating or fatal encephalitis. The
fatality rate is as high as 20–30 %, and neurological
sequelae are observed in about 50 % of surviving patients
[2]. JEV strain JaOArS982 has an approximately 30 %
mortality rate in mice over a wide dose range (104–
106 PFU) following subcutaneous inoculation [3].
Although a dose-independent mortality pattern has been
reported in mouse models of encephalitic flavivirus infec-
tions, the viral and immunological mechanisms that
determine fatality or survival have yet to be defined [4–8].
Multiple factors are associated with encephalitis patho-
genesis. It is believed that neutralizing antibodies play a
critical role in protection from JEV, and brain-infiltrating T
cells play an important role in the pathogenesis and
recovery from viral encephalitis [5, 6, 8, 9]. Experiments
using knockout mice or passive cell transfer at the poly-
clonal level suggest that cytotoxic T lymphocytes (CTL)
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play a role in the protection and recovery from JEV and
other flavivirus infections [10–16]. T cells potentially
contribute to both recovery and immunopathogenesis, and
the functional balance is affected by viral species and/or
experimental conditions. For example, reports indicate that
T-cell responses are essential for viral clearance in WNV
infection [15, 17–20], although differences in responses
between surviving and dying mice under identical inocu-
lation conditions have not been determined. Using T cell
receptor (TCR) repertoire analysis and nucleotide
sequencing of the complementary-determining region 3
(CDR3), we previously demonstrated that selected TCRs
accumulate in JEV-infected mouse brain [21]. We there-
fore attempted to define the pathological and/or protective
mechanism in our JEV-infected mouse model by analyzing
the relative expression levels of each TCR family and the
T-cell clone frequency.
In the present study, we compared the TCR repertoire
and T-cell clone frequency between surviving and dying
mice. Identical patterns would suggest that disease severity
is independent of T cells, whereas different patterns would
suggest that T-cell antigen recognition patterns are related
to the infection outcome. We sought to determine whether
infection outcomes, death and survival, are determined by




The animal experiments were performed in accordance
with the recommendations in the ARRIVE guidelines
(http://www.nc3rs.org.uk/page.asp?id=1357) and Funda-
mental Guidelines for Proper Conduct of Animal Experi-
ment and Related Activities in Academic Research
Institutions under the jurisdiction of the Ministry of Edu-
cation, Culture, Sports, Science and Technology (http://
www.mext.go.jp/b_menu/hakusho/nc/06060904.htm). The
experimental protocols were approved by the Animal Care
and Use Committee of Nagasaki University (approval
number: 091130-2-7 / 0912080807-7).
Virus
The JEV JaOArS982 strain (GenBank accession no.
M18370) exhibits mild pathogenicity relative to JaTH160
(GenBank accession no. AB269326) in the mice used in
this study [22]. The virus was obtained from the cell cul-
ture medium of baby hamster kidney (BHK) cells infected
with the virus previously prepared in suckling mouse
brains. The BHK cells were maintained in Eagle’s minimal
essential medium (EMEM; Nissui Pharmaceutical Co.)
containing 8 % fetal calf serum (FCS) and antibiotics.
Infection of mice with JEV
C57BL/6j (B6) female mice (Japan SLC, Inc., Hamamatsu,
Japan) were kept in a specific-pathogen-free environment.
Seven-week-old B6 mice were injected subcutaneously
(s.c.) with 104 PFU/0.5 ml of JEV diluted in EMEM con-
taining 2 % FCS. Mock-infected mice were inoculated
with EMEM from supernatants of BHK cells. Day 0 was
defined as the day of JEV inoculation. Mock- or JEV-
infected mice were euthanized under anesthesia with iso-
flurane on day 13.
Selection of mice
After inoculation of mice with JEV, body weights were
examined daily from day 1 to day 21. The levels of the
change in the body weights differed among inoculated mice.
Approximately one-fourth of JEV-infected mice demon-
strated weight loss of more than 25 % by day 13. These mice
started to die on day 14, and all died by day 21. None of the
mice that lost less than 10 % of their body weight by day 13
died during the observation period. The group of mice that
lost between 10 and 25 % of their body weight by day 13
included some that died by day 21 and some that survived.
These results indicated that body weight loss of more than
25 % at day 13 is an indicator of a fatal outcome under these
experimental conditions. Because some of the mice started
to die on day 14, day 13 was the last day on which all of the
mice inoculated with JEV were still alive, allowing the
outcome (survival or death) of an individual mouse to be
predicted based on body weight. We therefore selected day
13 as the time point to determine whether the outcome would
be fatal and to analyze T cell responses.
Based on these results, two groups of mice, the dying
mouse group and the surviving mouse group, were defined
and used in the experiments. Dying mice were defined as
those that lost more than 25 % of their body weight by day
13, and surviving mice were defined as those that lost less
than 10 % of their body weight by day 13. The mice that
lost 10–25 % of their body weight by day 13 were not used
in the experiments because it was not possible to predict the
outcome of these mice between days 14 and 21, with some
mice dying and some surviving. JEV levels in brains were
measured in plaque-forming units on day 13. The levels
were higher than 1 9 106 pfu/g in all mice categorized as
dying mice. The levels were variable in those categorized as
surviving mice; some demonstrated JEV levels higher than
1 9 106 pfu/g, but the others demonstrated low levels. Five
mice were selected randomly from the dying mouse group,
and all of these mice had a JEV titer of [1 9 106 pfu/g.
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Five mice were also randomly selected from those that were
defined as surviving mice and had a JEV titer of
[1 9 106 pfu/g. We thus were able to compare two groups
of five mice each of which had a brain JEV titer of
[1 9 106 pfu/g, regardless of whether they belonged to the
dying or the surviving group.
Isolation of total RNA
Mock- or JEV-infected mice were euthanized and perfused
with cold PBS at 13 dpi. Brains and spleens were excised
and immediately submerged in RNAlater RNA stabil-
ization reagent (QIAGEN, Hilden, Germany) [23]. Total
RNA was isolated using an RNeasy Lipid Tissue Mini Kit
(QIAGEN) according to the manufacturer’s instructions.
Isolated total RNA was used for quantification of viral
RNA and gene expression using quantitative real-time
PCR, TCR repertoire analysis, and CDR3 sequencing.
Quantitative real-time PCR (qRT-PCR)
Expression levels of T-cell-related antigens (CD3, CD4,
CD8, CD25, and CD69), cytokines (IL-4, IL-5, TNF-a, and
IFN-c), apoptosis-related genes (granzyme (Gzm) A, Gzm
B, perforin, Fas ligand (FasL)), and regulatory T (Treg) cell
related factor (transforming growth factor beta 1 (TGF-b1)
were determined using qRT-PCR. The primers used were as
follows: TGF-b1 (forward, 50-GTGTGGAGCAACATG
TGGAACTCTA-30; reverse, 50-CGCTGAATCGAAAG
CCCTGTA-30), forkhead/winged helix transcription factor
3 (Foxp3) (forward, 50-CTCATGATAGTGCCTGTG
TCCTCAA-30; reverse, 50-AGGGCCAGCATAGGTGC
AAG-30), transcription factor (T-bet (forward, 50-AGG
CTGCCTGCAGTGCTTCTA-30; reverse, 50-GGACAC
TCGTATCAACAGATGCGTA-30), and GATA-3 (for-
ward, 50-ATGGTACCGGGCACTACCTTTG-30; reverse,
50-TGACAGTTCGCGCAGGATG-30). qRT-PCR was per-
formed using a Bio-Rad CFX96 system (Bio-Rad Labora-
tories, Inc., Hercules, CA, USA) for brains excised from
mock- or JEV-infected mice. The sequences of the specific
primer pairs were reported previously [21, 24]. The house-
keeping gene encoding glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used as an internal control. Freshly
isolated RNA was converted to cDNA using a PrimeScriptTM
RT Reagent Kit (Takara Bio Inc., Shiga, Japan), qRT-PCR
was performed using SsoFastTM EvaGreen Supermix (Bio-
Rad) according to the manufacturer’s instructions, and
expression levels were measured as reported previously [25].
The absolute copy number was calculated using a standard
curve generated by serial dilution (101–108 copies) of a
recombinant plasmid encoding each gene of interest.
Viral RNA levels of JEV were examined using specific
primers for the JEV envelope protein gene (forward, 50-A
TGACCTCGCTCTCCCCTGG-30; reverse, 50-GACCCAA
GAGCAACAACGGA-30). Reverse transcription and qRT-
PCR reactions were conducted as described above. Viral
RNA was quantified as the copy number per 1 ng of total
RNA. Except for viral RNA, copy numbers were normal-
ized based on the copy number of the housekeeping gene
GAPDH.
Adaptor-ligation-mediated polymerase chain reaction
(AL-PCR)
AL-PCR methodology has been reported previously [26–
28]. Briefly, isolated total RNA was converted to double-
stranded cDNA using a Superscript cDNA Synthesis Kit
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions, except that a specific primer (BSL-
18E) was used [28]. The P10EA/P20EA adaptors were
ligated to the 50 end of cDNA, and the adaptor-ligated
cDNA was digested with Sph I. PCR was performed using
TCR a-chain or b-chain constant-region-specific primers
(MCA1 or MCB1) and P20EA. The second PCR was
performed with MCA2 or MCB2 and P20EA. Biotinylation
of PCR products was performed using P20EA and 50-bio-
tinylated MCA3 or MCB3 primers. Consistencies in the
results between the PCR assay and protein detection assay
have been confirmed and reported [28].
TCR repertoire analysis
Ten picomoles of amino-modified oligonucleotides specific
for the TCR a-chain variable (TCRAV) and TCR b-chain
variable (TCRBV) segments were immobilized onto car-
boxylate-modified 96-well microplates with water-soluble
carbodiimide. Prehybridization and hybridization were
performed in GMCF buffer (0.5 M Na2HPO4, pH 7.0,
1 mM EDTA, 7 % SDS, 1 % BSA, and 7.5 % formamide)
at 47 C. One hundred microliters of the denatured 50-
biotinylated PCR product was mixed with an equal volume
of 0.4 M NaOH/10 mM EDTA, and the mixture was added
to 10 ml GMCF buffer. One hundred microliters of
hybridization solution was used in each microplate well
containing immobilized V-segment-specific oligonucleo-
tide probes. After hybridization, wells were washed four
times with washing buffer (2 9 SSC, 0.1 % SDS) at room
temperature. Plates were then washed under more stringent
conditions at 37 C for 10 min. After four washes with
washing buffer, 200 ll TB-TBS buffer (10 mM Tris-HCl,
0.5 M NaCl, pH 7.4, 0.5 % Tween 20, and 0.5 % blocking
reagent; Roche Diagnostics, Basel, Switzerland) was added
to block nonspecific binding. Next, 100 ll 1:2000-diluted
alkaline-phosphatase-conjugated streptavidin in TB-TBS
was added, and samples were incubated at 37 C for
30 min. Plates were washed six times in T-TBS (10 mM
T-cell response in JEV infection 767
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Tris-HCl, 0.5 M NaCl, pH 7.4, 0.5 % Tween 20). For color
development, 100 ll of substrate solution (4 mg/ml p-ni-
trophenylphosphate; Sigma Aldrich, St. Louis, Mo., USA,
in 10 % diethanolamine, pH 9.8) was added, and absor-
bance was determined at 405 nm. The ratio of the
hybridization intensity of each TCR V region (TCRV)-
specific probe to that of a TCR-C-region-specific probe (V/
C value) was determined using the TCR cDNA concen-
trated samples that contained the corresponding TCRV
segment, and the universal TCR constant segment,
respectively. Absorbance obtained for each TCRV-specific
probe was divided by the corresponding V/C value. The
relative frequency was calculated based on the corrected
absorbance using the following formula: relative frequency
(%) = (corrected absorbance of TCRV-specific probe/sum
of corrected absorbance of TCRV-specific probes) 9 100.
Determination of CDR3 nucleotide sequences
PCR was performed with 1 ll of 1:20-diluted second PCR
product, using a forward primer specific for the variable
region and a reverse primer specific for the constant region
(MCA4 or MCB4), under the conditions described above.
Primers VA8-1 (50-ACGCCACTCTCCATAAGAGCA-30),
VA10-1 (50-GCTCTTTGCACATTTCCTCC-30), and VB2-
1 (50-ACACGGGTCACTGATACGGA-30) were used in
this study. After elution from the agarose gel, PCR pro-
ducts were cloned into pGEM-T Easy Vector (Promega,
Madison, WI, USA). DH5a competent cells were trans-
formed with recombinant plasmid DNA. Sequence reac-
tions were performed with a GenomeLab DTCS Quick
Start Kit (Beckman Coulter) and analyzed using a
CEQ8000 Genetic Analysis System (Beckman Coulter).
Statistical analysis
Student’s t-test was used to assess statistical significance of
changes in weight ratios. A log-rank test was performed to
assess the survival curves of JEV-infected mice. One-way
analysis of variance (ANOVA) followed by a Tukey test
was used to assess statistical significance in TCR repertoire
analysis and to evaluate CDR3 sequence frequency. A p-
value \0.05 was considered statistically significant.
Results
JEV RNA levels in the brain and Th1 and Th2 cytokine
balance in surviving and dying mice
Two groups of five mice with brain virus titers of
[1 9 106 pfu/g were selected randomly from the dying
and surviving groups as described in the Materials and
methods section, and JEV RNA levels were measured
(Fig. 1). There were no differences in the levels of brain
JEV titers as assessed by RNA (Fig. 1) and pfu (data not
shown) between the dying and surviving groups.
We first analyzed the Th1 and Th2 balance in the brain
after JEV inoculation by comparing expression levels of
Th1-related and Th2-related genes (IFN-c/IL-4, TNF-a/IL-
4, and TNF-a/IL-5 ratios) in the brain on day 13 (Fig. 2A).
The ratio of Th1- to Th2-related gene expression was
higher in JEV-inoculated mice than in mock-infected mice.
Among inoculated mice, these ratios were significantly
higher in the dying group than in the surviving group. To
determine the basis for this skewing, we measured the
levels of two transcription factors, T-bet and GATA-3
(Fig. 2B). T-bet is an important activator of IFN-c [29–31],
while GATA-3 initiates IL-5 and IL-13 transcription [32–
34]. T-bet and GATA-3 expression levels were higher in
JEV-inoculated mice than in mock-infected mice on day
13. In addition, T-bet expression was significantly higher in
dying mice than in surviving mice. In contrast, GATA-3
expression was significantly higher in the surviving group
than in the dying group.
Analysis of infiltrating cells and apoptosis-related
markers
To investigate the activation state of infiltrating T cells, we
examined expression levels of T cell markers (CD3, CD4,
CD8 and CD25), lymphocyte activation marker (CD69)
(Fig. 3A), and apoptosis-related markers (perforin, Gzm A,
Gzm B and FasL) (Fig. 3B). CD3, CD4, CD8 and CD25
are expressed on activated T cells and B cells [35], and
CD69 is expressed rapidly after lymphocyte activation





















Fig. 1 Comparison of JEV RNA levels in JEV-inoculated mice.
Brain JEV RNA levels measured on day 13 after JEV inoculation.
The circle indicates each individual measurement of RNA copies. A
bar indicates the average of each group, and the vertical line indicates
the range of SD
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were higher in JEV-infected mice than in mock-infected
mice. However, expression levels of these cell-surface
markers did not differ between the dying and surviving
groups. In addition, CD4 transcripts were detected at
similar levels in mock- and JEV-infected mouse brains,
probably because of overexpression on microglia cells. The
expression levels of apoptosis-related molecules such as
perforin, and Gzm A and B were higher in the dying group
than in the surviving group.
We next examined expression levels of the Treg-related
genes TGF-b1 and Foxp3 in JEV-infected mice (Fig. 3C).
TGF-b1 is a major pluripotent cytokine with a pronounced
immunosuppressive effect [37]. Foxp3 is specifically
expressed in Treg cells, and its expression is essential for
the programming of Treg cell development and function
[38–41]. Interestingly, TGF-b1 and Foxp3 levels were
higher in JEV-infected mice, and among infected mice,
levels were higher in mice that survived.
TCR usage in brain-infiltrating T cells
We have previously demonstrated that the number and
activation state of brain-infiltrating CD3?CD8? T cells
were similar between the dying and surviving groups, but
that cytokine profiles were different. We analyzed TCR VA
and TCR VB repertoires of infiltrating T cells (Fig. 4),
where spleens from mock-infected mice served as controls.
The number of T cells in the brains of mock-infected mice



















































Fig. 2 Expression ratio of Th1- to Th2-related transcription factors.
(A) Ratio of IFN-c/IL-4 (left), TNF-a/IL-4 (middle), and TNF-a/IL-5
(right) in JEV-infected mouse brain (B) mRNA expression level of
Th1- and Th2-related transcription factors T-bet and GATA3.
Significant differences (p \ 0.05, ANOVA) between surviving and



































































Mock Surviving Dying *
A B C
Fig. 3 qRT-PCR quantification of mRNA expression of T-cell-
related genes in the brain. RNA was extracted from brains of mock-
and JEV-infected surviving and dying mice at 13 dpi (n = 5).
(A) mRNA expression of CD3, CD4, CD8, CD25, and CD69 as
T-cell-related antigens, (B) perforin, Gzm A, and Gzm B as cytotoxic
granules, and (C) Treg-cell-related genes Foxp3 and TGFb1 is shown.
The mRNA expression levels in JEV-infected brains were normalized
to GAPDH expression. Vertical error bars indicate the standard
deviation (SD) of three independent experiments. Significant differ-
ences (p \ 0.05, ANOVA) between surviving and dying mouse brain
at 13 dpi are indicated by an asterisk (*)
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was low, and it was therefore not possible to determine
TCR usage of these T cells. The spleen was used as a
control, because there were no significant difference in
TCR usage in spleens between the surviving and dying
groups. The frequency of T cells bearing VA8-1, VA10-1,
and VB2-1 was higher in JEV-infected brains than in
mock-infected spleen. VA14-1, expressed on NKT cells
[42], was expressed at equally low levels in the dying and
surviving groups, and we did not detect TCR VA or TCR
VB expression in mock-infected mice due to low lym-
phocyte numbers (data not shown).
Differences in CDR3 amino acid sequences of highly
expressed TCRs from brain-infiltrating T cells
between surviving and dying groups
The nucleotide sequences of the VA8-1, VA10-1, and
VB2-1 CDR3 regions were determined using PCR and
randomly selected cDNA clones. Predicted amino acid
sequences are shown along with the frequency of cDNA
clones isolated from the brains of JEV-infected mice
(Fig. 5). We analyzed more than 30 clones in mock-
infected spleens but did not find any clones with an iden-
tical sequence (data not shown).
The same VA8-1 CDR3 sequences (CAL-R-SSNT
NKVVF, CAL-RM-SNYNVLYF, CALS-G-SNYNVLYF
and CAL-RR-SNYNVLYF) were detected in the brains
from all five mice that died (Fig. 5A). Two sequences,
CAL-R-SSNTNKVVF and CAL-RR-SNYNVLYF, were
each detected once in the surviving mice.
The following VA10-1 CDR3 sequences (CAL-G-
GSALGRLHF, CAL-R-NYNVLYF, CAL-GY-YNQGK-
LIF, CAL-GG-NYAQGLTF, CAL-RG-ATGGNNKLTF
and CA-ID-SNYNVLYF) were detected in two or
more dying mice (Fig. 5B). The sequences (CA-F-
SGGSNAKLTF, CA-P-DSNYQLIW, CA-PM-SNYNV-
LYF, and CA-I-DSNYQLIW) were detected in two or
more surviving mice. Only one CDR3 sequence (CAL-
RGSALGRLHF) was detected in both surviving and dying
mice.
Two VB2-1 CDR3 sequences (CSA-RLG-SYEQYF and
CS-PYN-SGNTLYF) were detected mainly in dying mice,
while two others (CSA-ETLYF and CSA-DWG-SYEQYF)
were detected mainly in surviving mice (Fig. 5C). One
CDR3 sequence (CSA-GLGG-EQYF) was detected com-
monly in both groups.
Several reports have shown that the CDR3 b-chain J



























































































































































































































































Fig. 4 TCR repertoire analysis of spleen and brain from mock- or
JEV-infected mice. TCR VA and TCR VB repertoires were analyzed
by MHA as described in Materials and methods. Mean percent
frequencies ±SD of five mice are indicated. Black bars indicate a
significant increase compared with mock-infected spleen (p \ 0.05,
ANOVA)
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[43–47].We also examined J gene usage in T cells with
VA8-1 or VA10-1 (Fig. 6). The frequencies of VA8-1/
AJ23, VA8-1/AJ31, VA10-1/AJ33, and VA10-1/AJ42
were significantly higher in the surviving group than in the
dying group. In contrast, VA8-1/AJ21 was more prevalent
in the dying group than in the surviving group. These
results indicate that although there were no quantitative
differences in the number or activation state of infiltrating
CD8? T cells between the dying and surviving groups,
there were qualitative differences in TCR usage. The
results suggest that the qualitative differences affect the
outcome of JEV infection: death or survival.
Discussion
It is generally understood that the levels of JEV in the brain
determines the outcome of JEV infection in mice; high JEV
levels in the brain lead to fatal outcome, while low JEV
levels lead to survival. Although high levels of JEV
([1 9 106 pfu/g) were detected on day 13 in all dying
mice, the levels of JEV were variable in surviving mice;
some had JEV levels higher than 1 9 106 pfu/g, but others
had low levels. Thus, the results were in part consistent
with the general understanding of the pathogenesis of JEV
infection that the level of JEV in the brain determines the
outcome. However, the results also indicate that the out-
come was not determined solely by the JEV level in the
brain. In order to define the mechanisms that lead to fatal
outcome or survival, we attempted to compare two groups
of mice with similarly high brain JEV levels: a group of
five dying mice with [1 9 106 pfu/g and a group of five
surviving mice with [1 9 106 pfu/g. In the present study,
we used C57BL/6j (B6) mice as the model, and the results
suggest that the outcome of JEV infection is not deter-
mined solely by JEV levels in the brain in C57BL/6j (B6)
mice.
Our results are also consistent with those obtained using
mice infected with tick-borne encephalitis virus (TBEV),
where the intracerebral viral load was similar in mice that
died and in those that survived [24]. TBEV elicits dose-
dependent mortality following peripheral infection in some
mouse strains [48, 49]. Furthermore, weight loss is an
indicator of a fatal outcome, and the degree of weight loss
may be a simple and effective marker for evaluating JEV-
infected mice, allowing the discrimination of mice that will
survive from those that will die [49]. These results suggest
that the outcome of JEV infection in C57BL/6j (B6) mice
is not determined by the JEV level in the brain. It has been
reported that CD8? T cells play an important role in viral
clearance in the brain [50–53]. Although a CD8? T cell
response is required to clear flavivirus infection [50, 53], an
excessive response may cause immunopathology [5]. In the
present study, there were no significant differences in the
number of infiltrating T cells or their activation state in the
brain as determined by CD antigen expression. This sug-
gests that qualitative differences of intracerebral infiltrating
T cells may be a factor in determining outcomes. We have
previously reported that CD8? T cells infiltrated mainly the
brain of TBEV-infected mice, and quantitative differences
in the number of T cells infiltrating the brain did not appear
to be a factor in mouse survival [24, 49].
TCR repertoire analysis of infiltrating T cells revealed
that the frequencies of T cells bearing VA8-1, VA10-1, and
VB2-1 increased significantly in brains of JEV-infected
mice. However, their frequency increased equally in mice
that survived and those that died. These results indicate that
once a certain amount of virus is inoculated, T cells
expressing selected TCR V families accumulate in the
brain. Interestingly, CDR3 sequence analysis provides a
means of differentiating between surviving and dying mice.
Analysis of CDR3 amino acid sequences of infiltrating T
cells revealed that dominant clones bear the same VA or
VB type (VA8-1, VA10-1 and VB2-1). Subsequently,
AJ21 was elevated in the brains of mice that died, and
AJ23 and AJ31 were elevated in mice that survived, and
the observed J use frequency was confirmed. Infiltrating T
cell clones from the brain were different between surviving
and dying mice, even though they were subjected to the
same JEV infection. In our previous report on CDR3
sequences present following TBEV-infection, a clear clo-
nal difference in the brain between dying and surviving
mice was not observed. There are probably differences in
immune induction such as the early immune response that
balance antibody-mediated or cell-mediated immunity in
JEV and TBEV infection. CD4 transcripts were persis-
tently overexpressed in both mock- and JEV-infected
mouse brain. This is probably due to the presence of
microglia that express CD4 in CNS-resident cells [54, 55].
Tregs suppress effector T cells to prevent or control
reactivity to self-antigens [56] and pathogens [57], to blunt
inflammation [58], and to maintain antigen-specific T-cell
homeostasis [59]. Tregs have been defined as CD3?-
CD4?CD25?, shown to express Foxp3, and play a role in
immune tolerance [37]. The peripheral Treg frequency
influences post-infection symptom development after West
Nile virus infection [53]. Because peripheral blood analysis
may not fully reflect the sites of infection, and lower
peripheral Treg levels may not correlate with tissue levels,
it is important to examine intracerebral Treg levels [16, 60,
61]. We measured mRNA expression of inflammatory
cytokines, cell-surface antigens, and the Treg-related fac-
tors TGF-b1 and Foxp3 using qRT-PCR. Treg RNA levels
were higher in the brain of surviving mice than in dying
mice. In infections caused by hepatitis C virus, another
member of the family Flaviviridae, there is an inverse
T-cell response in JEV infection 771
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V N J J gene V N J J gene V N J J gene V N J J gene
2/15 CALS E SNMGYKLTF AJ09 3/15 CAL R SSNTNKVVF AJ34 3/15 CA IRR DSNNRIFF AJ31 4/15 CA S SNMGYKLTF AJ09
2/15 CAL KA GNTGKLIF AJ37 2/15 CAL NCG NMGYKLTF AJ09 2/15 CAL P GTQVVGQLTF AJ05 2/15 CA G YGSSGNKLIF AJ32
1/15 CALS D SGTYQRFGT AJ13 1/15 CAL TQVVGQLTF AJ05 2/15 CA F SGGSNAKLTF AJ42 3/15 CAL G GSALGRLHF AJ18
1/15 CAL RR SNYNVLYF AJ21 1/15 CAL RR SNYNVLYF AJ21 2/15 CA RG ASSSFSKLVF AJ50 1/15 CAL GY YNQGKLIF AJ23
1/15 CALS EG NQGKLIF AJ23 1/15 CAL KE SNYNVLYF AJ21 1/15 CAL S QVVGQLTF AJ05 1/15 CA P YGSSGNKLIF AJ32
1/15 CALS AAV NYNQGKLIF AJ23 1/15 CAL T NYNVLYF AJ21 1/15 CA IDE SGSWQLIF AJ22 1/15 CA T DSNYQLIW AJ33
1/15 CAL RG TNTGKLTF AJ27 1/15 CAL RG SNYNVLYF AJ21 1/15 CALS D SGSWQLIF AJ22 1/15 CA H NNAGAKLTF AJ39
1/15 CALS AP NTNTGKLTF AJ27 1/15 CAL NNYAQGLTF AJ26 1/15 CA LGP NTSKVVF AJ34 1/15 CA MEAI ASSSFSKLVF AJ50
1/15 CALS DG NSNNRIFF AJ31 1/15 CAL MG TNAYKVIF AJ30 1/15 CA FL SGGSNAKLTF AJ42 1/15 CA I ASSSFSKLVF AJ50
1/15 CALS KG NSNNRIFF AJ31 1/15 CALS ES YQNFYF AJ49 1/15 CAL VI SSSFSKLVF AJ50 4/16 CALS GSALGRLHF AJ18
1/15 CALS Y NNAGAKLTF AJ39 1/15 CALS GP NTGANTGKLTF AJ52 3/16 CA F SGGSNAKLTF AJ42 4/16 CAL G GSALGRLHF AJ18
1/15 CALS EN YANKMIF AJ47 1/15 CAL RK GGSAKLIF AJ57 2/16 CA P DSNYQLIW AJ33 2/16 CAL A NQGGSAKLIF AJ57
1/15 CALS H TGYQNFYF AJ49 5/16 CAL R SSNTNKVVF AJ34 1/16 CAL DRGSALGRLHF AJ18 1/16 CA MV SNMGYKLTF AJ09
1/13 CAL R TGGYKVVF AJ12 1/16 CALS GG MGYKLTF AJ09 1/16 CA L DRGSALGRLHF AJ18 1/16 CA IS SNMGYKLTF AJ09
1/13 CAL RA NSGTYQRF AJ13 1/16 CALS P RGSALGRLHF AJ18 1/16 CA PM SNYNVLYF AJ21 1/16 CA MERG SGTYQRF AJ13
1/13 CAL RD QGGRALIF AJ15 1/16 CALS V SNYNVLYF AJ21 1/16 CA PGTGSNRLTF AJ28 1/16 CAL R  NYNVLYF AJ21
1/13 CALS DRVY QGKLIF AJ23 1/16 CALS G SNYNVLYF AJ21 1/16 CAL AL SNNRIFF AJ31 1/16 CA ID SNYNVLYF AJ21
1/13 CALS DH TNAYKVIF AJ30 1/16 CA FPM SNYNVLYF AJ21 1/16 CAL D YGSSGNKLIF AJ32 1/16 CAL G GNYGNEKITF AJ48
1/13 CAL RV TNAYKVIF AJ30 1/16 CALS NNYAQGLTF AJ26 1/16 CA Y VTGSGGKLTL AJ44 4/14 CA MDF NNAGAKLTF AJ39
1/13 CAL MGR NSNNRIFF AJ31 1/16 CAL T NTNKVVF AJ34 1/16 CAL ASSSFSKLVF AJ50 4/14 CAL G GSALGRLHF AJ18
1/13 CALS G GSSGNKPIF AJ32 1/16 CAL RY NNAGAKLTF AJ39 1/16 CA SP SSSFSKLVF AJ50 1/14 CAL GG NYAQGLTF AJ26
1/13 CALS ET NTNKVVF AJ34 1/16 CALS ETY GGSNAKLTF AJ42 1/16 CA NQGGSAKLIF AJ57 1/14 CA D TNTGKLTF AJ27
1/13 CAL R SSNTNKVVF AJ34 1/16 CALS NTGYQNFYF AJ49 1/16 CA IER GTGSKLSF AJ58 1/14 CA MAW NSNNRIFF AJ31
1/13 CALS DP GFASALTF AJ35 1/16 CALS G TGYQNFYF AJ49 7/15 CA P DSNYQLIW AJ33 1/14 CAL P SSSFSKLVF AJ50
1/13 CALS DR GSNAKLTF AJ42 6/15 CAL RM SNYNVLYF AJ21 2/15 CA IDR SGSWQLIF AJ22 1/14 CA IDR TGANTGKLTF AJ52
1/13 CALS P SSSFSKLVF AJ50 4/15 CAL R SSNTNKVVF AJ34 1/15 CAL PRG SNMGYKLTF AJ09 1/14 CAL RG  ATGGNNKLTF AJ56
3/14 CALS G SSNTNKVVF AJ23 1/15 CAL RMSS YNVLYF AJ21 1/15 CA MAW NSNNRIFF AJ31 2/15 CAL G GSALGRLHF AJ18
3/14 CALS GLPY TNKVVF AJ34 1/15 CALS GTT ASLGKLQF AJ24 1/15 CA I DSNYQLIW AJ33 2/15 CAL GY YNQGKLIF AJ23
1/14 CALS GG NMGYKLTF AJ09 1/15 CAL RGA NSNNRIFF AJ31 1/15 CALS G SNTNKVVF AJ34 2/15 CAL G NYAQGLTF AJ26
1/14 CALS H NSAGNKLTF AJ17 1/15 CAL R VTGSGGKLTL AJ44 1/15 CA SS NNAGAKLTF AJ39 2/15 CAL DLW NSNNRIFF AJ31
1/14 CALS VS NYNQGKLIF AJ23 1/15 CAL R ASSSFSKLVF AJ50 1/15 CA W ASSSFSKLVF AJ50 1/15 CA TGGYKVVF AJ12
1/14 CAL V NNYAQGLTF AJ26 4/16 CALS G YNVLYF AJ21 3/15 CAL RGSALGRLHF AJ18 1/15 CAL TNSAGNKLTF AJ17
1/14 CALS EG NSNNRIFF AJ31 2/16 CAL RM SNYNVLYF AJ21 3/15 CA P DSNYQLIW AJ33 1/15 CAL M NYNQGKLIF AJ23
1/14 CAL RPW NSNNRIFF AJ31 2/16 CAL R SSNTNKVVF AJ34 2/15 CA F SGGSNAKLTF AJ42 1/15 CA IAP NTNTGKLTF AJ27
1/14 CALS NTGYQNFYF AJ49 1/16 CALS EGP SSGQKLVF AJ16 1/15 CA R GTGGYKVVF AJ12 1/15 CAL V SSNTNKVVF AJ34
1/14 CA RP ASSSFSKLVF AJ50 1/16 CAL RR SNYNVLYF AJ21 1/15 CA ST GTGGYKVVF AJ12 1/15 CA P GNTGKLIF AJ37
3/13 CAL RP SNSNNRIFF AJ31 1/16 CALS D LPGTGSNRLTF AJ28 1/15 CA SHL GGRALIF AJ15 1/15 CAL RG  ATGGNNKLTF AJ56
2/13 CALS GS NSAGNKLTF AJ17 1/16 CALS ET NNRIFF AJ31 1/15 CAL YQGGRALIF AJ15 3/15 CA ID SNYNVLYF AJ21
2/13 CALS GG QLIF AJ22 1/16 CALS D NNAGAKLTF AJ39 1/15 CA I GSALGRLHF AJ18 2/15 CA TSGGNYKPTF AJ06
1/13 CALS V RGSALGRLHF AJ18 1/16 CALS AM NNNAGAKLTF AJ39 1/15 CAL RGSALGRLHF AJ18 2/15 CAL GY YNQGKLIF AJ23
1/13 CAL RY TNAYKVIF AJ30 1/16 CALS F GSGGKLTL AJ44 1/15 CA G AJ38 1/15 CAL G NMGYKLTF AJ09
1/13 CALS SNNRIFF AJ31 1/16 CALS NTGYQNFYF AJ49 5/16 CAL VS NSAGNKLTF AJ17 1/15 CA IS SNMGYKLTF AJ09
1/13 CALS H SNNRIFF AJ31 6/15 CAL R SSNTNKVVF AJ34 2/16 CA PM SNYNVLYF AJ21 1/15 CAL RGSALGRLHF AJ18
1/13 CALS Y NNAGAKLTF AJ39 2/15 CAL RM SNYNVLYF AJ21 2/16 CA P DSNYQLIW AJ33 1/15 CA R NYNVLYF AJ21
1/13 CALS NYKYVF AJ40 1/15 CAL TH YSNNRLTL AJ07 1/16 CAL GGR GSFNKLTF AJ04 1/15 CAL GG NYAQGLTF AJ26
1/13 CALS R KYVF AJ40 1/15 CAL NSAGNKLTF AJ17 1/16 CA MVK GGRALIF AJ15 1/15 CA M NYAQGLTF AJ26
1/12 CALS H YSNNRLTL AJ07 1/15 CAL RR SNYNVLYF AJ21 1/16 CA MVP GSWQLIF AJ22 1/15 CA M DSNYQLIW AJ33
1/12 CALS GH SGTYQRF AJ13 1/15 CAL R NNYAQGLTF AJ26 1/16 CA MER YAQGLTF AJ26 1/15 CA V DSNYQLIW AJ33
1/12 CALS EG GGRALIF AJ15 1/15 CALS GD NTNTGKLTF AJ27 1/16 CA MAF TNAYKVIF AJ30
1/12 CALS DRGSALGRLHF AJ18 1/15 CAL SNTNKVVF AJ34 1/16 CA I DSNYQLIW AJ33
1/12 CAL RV SNYNVLYF AJ21 1/15 CAL K SSNTNKVVF AJ34 1/16 CA I TGNYKYVF AJ40
1/12 CALS YNQGKLIF AJ23
1/12 CALS D NNRIFF AJ31
1/12 CALS KVAY NRIFF AJ31
1/12 CALS HAT KVVF AJ34
1/12 CAL RT SNTNKVVF AJ34
1/12 CAL RA SNTNKVVF AJ34

































VB2-1 Dying mice brain
V N-D-N J J gene
3/15 CSA ALG AEQFF BJ2.1
3/15 CSA EPGK NTGQLYF BJ2.2
2/15 CSA RLG SYEQYF BJ2.7
1/15 CSA NNQ QPAPLF BJ1.5
1/15 CSA DD DDNSPLYF BJ1.6
1/15 CSA WGG DTQYF BJ2.5
1/15 C GVGLGD EQYF BJ2.7
1/15 CSA NSG SYEQYF BJ2.7
1/15 CSA TGGS SYEQYF BJ2.7
1/15 CSA TGGD SYEQYF BJ2.7
4/14 CSA RLG SYEQYF BJ2.7
2/14 CSA DWGA SQNTLYF BJ1.3
2/14 CSA GLGG EQYF BJ2.7
1/14 CSA DLG AEQFF BJ2.1
1/14 CS GTT NTGQLYF BJ2.2
1/14 CSA DIDR DTQYF BJ2.5
1/14 CSA EGQ NQDTQYF BJ2.5
1/14 CSA GHM SYEQYF BJ2.7
1/14 CSA DWG SYEQYF BJ2.7
3/14 CSA GLGD EQYF BJ2.7
3/14 CSA GLGG EQYF BJ2.7
2/14 CSA RLG SYEQYF BJ2.7
1/14 CSA AGGT SGNTLYF BJ1.3
1/14 CSA EQV SGNTLYF BJ1.3
1/14 CSA DLF SNERLFF BJ1.4
1/14 CSA GTGV AEQFF BJ2.1
1/14 CSA GSGGA AEQFF BJ2.1






3/14 CSA RLG SYEQYF BJ2.7
2/14 CSA DFG NTEVFF BJ1.1
1/14 CS PYN SGNTLYF BJ1.3
1/14 CSA AGF SNERLFF BJ1.4
1/14 CSA QTRGG YAEQFF BJ2.1
1/14 CS GTD SAETLYF BJ2.3
1/14 CSA GGD NTLYF BJ2.4
1/14 C KLGP QDTQYF BJ2.5
1/14 CSA GLGG EQYF BJ2.7
1/14 CSA DRLGGL EQYF BJ2.7
1/14 CSA DLGD EQYF BJ2.7
2/14 CS PYN SGNTLYF BJ1.3
2/14 CSA RGQA GQLYF BJ2.2
1/14 CSA EGGRE EVFF BJ1.1
1/14 CSA DLAN SGNTLYF BJ1.3
1/14 CR GQ SNERLFF BJ1.4
1/14 C RGQ SNERLFF BJ1.4
1/14 CS NYAEQFF BJ2.1
1/14 CSA QG NTGQLYF BJ2.2
1/14 CSA RA NTGQLYF BJ2.2
1/14 CSA ETLYF BJ2.3
1/14 CS GGLG ETLYF BJ2.3
1/14 CSA GLGG EQYF BJ2.7
#4
#5
VB2-1 Surviving mice brain
V J J gene
3/14 CS PYN SGNTLYF BJ1.3
2/14 CSA ETLYF BJ2.3
1/14 CSA GP NSDYTF BJ1.2
1/14 C NNQAPLF BJ1.5
1/14 CS GGGNQ APLF BJ1.5
1/14 CSA GLGG EQYF BJ2.7
1/14 CSA RLG YEQYF BJ2.7
1/14 CS DWR EQYF BJ2.7
1/14 CSA VARS SYEQYF BJ2.7
1/14 CSA DQGV SYEQYF BJ2.7
1/14 CSA GGF EQYF BJ2.7
2/14 CSA WGG NYAEQFF BJ2.1
2/14 CSA GLGG EQFF BJ2.1
2/14 CSA DHRG EQYF BJ2.7
2/14 CSA DWG SYEQYF BJ2.7
1/14 CSA DRGR TEVFF BJ1.1
1/14 CS PGLG YAEQFF BJ2.1
1/14 CAS GGW  NYAEQFF BJ2.1
1/14 CSA RQK DTQYF BJ2.5
1/14 CSA GH EQYF BJ2.7
1/14 CSA GLGG EQYF BJ2.7
7/15 CSA ETLYF BJ2.3
2/15 CSA VARS SAETLYF BJ2.3
2/15 CSA V SAETLYF BJ2.3
2/15 CS LEAV SAETLYF BJ2.3
1/15 CSA GGR EQYF BJ2.7






3/14 CSA ETLYF BJ2.3
2/14 CS GRQGR EQYF BJ2.7
1/14 CSA DHR NSDYTF BJ1.2
1/14 CSA SA NTGQLYF BJ2.2
1/14 CSA ED TGQLYF BJ2.2
1/14 CS PDWGG NTLYF BJ2.4
1/14 CSA GLGG EQYF BJ2.7
1/14 CSA SYEQYF BJ2.7
1/14 CSA RAY SYEQYF BJ2.7
1/14 CSA DTTS SYEQYF BJ2.7
1/14 CSA SYEQYF BJ2.7
2/15 CSA V GNTLYF BJ1.3
2/15 CSA ETLYF BJ2.3
1/15 CSA GHLN SGNTLYF BJ1.3
1/15 CSA QGAH AEQFF BJ2.1
1/15 CSA GQGA YAEQFF BJ2.1
1/15 CSA DWGS SAETLYF BJ2.3
1/15 CSA A SQNTLYF BJ2.4
1/15 CSA DWGI SQNTLYF BJ2.4
1/15 CS GQGAR DTQYF BJ2.5
1/15 CSA DWG SYEQYF BJ2.7
1/15 CS DWGGF EQYF BJ2.7
1/15 CSA GLGG EQYF BJ2.7
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correlation between Treg number in the periphery of liver
biopsies and the histological inflammatory score [62]. Our
results suggest that Treg inhibits intracerebral cell-medi-
ated immunity. The levels of the cytotoxic factors perforin
and Gym A and B were elevated in the brains of dying
mice relative to surviving mice, consistent with the ele-
vation of Treg-related genes. The intracerebral cytokine
balance was biased toward a Th1 profile in dying mouse
brain compared with surviving mouse brain. This is also
consistent with results related to the epistatic transcription
factors GATA3 and T-bet. Since a correlation between the
expression of Treg genes and the level of JEV-specific T
cells was observed in mouse brain, we speculate that Tregs
may exert a protective effect by suppressing the JEV-spe-
cific immune response and inflammation. It will therefore
be important to determine whether the T cells accumulating
in the brain provide positive or negative effects on infec-
tion outcome. Future studies will be needed to determine
the contribution of innate immunity and the mechanisms of
induction and action of Tregs.
In conclusion, we have described a qualitative associa-
tion between brain-infiltrating T cell clones and disease
severity in JEV-infected mice. In addition, certain clones
were inhibited in the surviving mouse group by Tregs, and
there was a bias towards a Th2 cytokine profile in the brain
compared with mice that died. Thus, the downregulation of
an effective response by Tregs may be critical for miti-
gating bystander injury and disease pathology in the CNS.
It will be interesting to determine what leads to Treg
activation, which may provide new hints at pharmacologic
control of viral pathogenesis.
Acknowledgements This work was supported by the Cooperative
Research Grants 25-ippan-2 and 26-ippan-15 from the Institute of
Tropical Medicine, Nagasaki University, Japan and Young Scientists
B Grant-in-Aid for Scientific Research 24790457 from the Ministry of
Education, Culture, Sports, Science and Technology of Japan.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
References
1. Mackenzie JS, Gubler DJ, Petersen LR (2004) Emerging flavi-
viruses: the spread and resurgence of Japanese encephalitis, West
Nile and dengue viruses. Nat Med 10:S98–S109
2. Kumar R, Mathur A, Kumar A, Sethi GD, Sharma S et al (1990)
Virological investigations of acute encephalopathy in India. Arch
Dis Child 65:1227–1230
3. Hayasaka D, Shirai K, Aoki K, Nagata N, Simantini DS et al
(2013) TNF-a acts as an immunoregulator in the mouse brain by
reducing the incidence of severe disease following Japanese
encephalitis virus infection. PLoS One 8(8):e71643
4. Vince V, Grcevic N (1969) Development of morphological
changes in experimental tick-borne meningoencephalitis induced
in white mice by different virus doses. J Neurol Sci 9:109–130
5. Licon Luna RM, Lee E, Mullbacher A, Blanden RV, Langman R
et al (2002) Lack of both Fas ligand and perforin protects from
flavivirus-mediated encephalitis in mice. J Virol 76:3202–3211
6. Wang Y, Lobigs M, Lee E, Mullbacher A (2003) CD8? T cells
mediate recovery and immunopathology in West Nile virus
encephalitis. J Virol 77:13323–13334
7. Samuel MA, Diamond MS (2006) Pathogenesis of West Nile
virus infection: a balance between virulence, innate and adaptive
immunity, and viral evasion. J Virol 80:9349–9360
8. King NJ, Getts DR, Getts MT, Rana S, Shrestha B et al (2007)
Immunopathology of flavivirus infections. Immunol Cell Biol
85:33–42
9. Ruzek D, Salat J, Palus M, Gritsun TS, Gould EA et al (2009)
CD8? T-cells mediate immunopathology in tick-borne enceph-
alitis. Virology 384:1–6
10. Mathur A, Arora KL, Chaturvedi UC (1983) Host defence
mechanisms against Japanese encephalitis virus infection in mice.
J Gen Virol 64(Pt 4):805–811
11. Kimura-Kuroda J, Yasui K (1986) Antigenic comparison of
envelope protein E between Japanese encephalitis virus and some
other flaviviruses using monoclonal antibodies. J Gen Virol 67(Pt
12):2663–2672
12. Kimura-Kuroda J, Yasui K (1988) Protection of mice against
Japanese encephalitis virus by passive administration with
monoclonal antibodies. J Immunol 141:3606–3610
13. Mason PW, Dalrymple JM, Gentry MK, McCown JM, Hoke CH
et al (1989) Molecular characterization of a neutralizing domain
of the Japanese encephalitis virus structural glycoprotein. J Gen
Virol 70(Pt 8):2037–2049
bFig. 5 Amino acid sequences of TCR CDR3 regions of cDNA clones
derived from JEV-infected brain. Predicted amino acid sequences are
shown with their frequencies of cDNA clones from each mouse for
the (A) VA8-1, (B) VA10-1, and (C) VB2-1 families. J gene usage is
shown at the right side of each sequence. V, N (N-D-N), and J gene














AJ21 AJ23 AJ31 AJ33 AJ42
VA8-1 VA10-1
Dying brainMock spleen Surviving brain
* * * *
p 0.05*
Fig. 6 Differential patterns of TCR J gene usage between surviving
and dying mice. Frequencies of characteristic V/J combinations are
plotted individually. Open circles indicate spleen of mock-infected
mice. Filled gray circles indicate brain of surviving mice. Filled black
circles indicate brain of dying mice. An asterisk indicates a significant
(p \ 0.05, ANOVA) difference between the surviving and dying
groups
T-cell response in JEV infection 773
123
14. Murali-Krishna K, Ravi V, Manjunath R (1996) Protection of
adult but not newborn mice against lethal intracerebral challenge
with Japanese encephalitis virus by adoptively transferred virus-
specific cytotoxic T lymphocytes: requirement for L3T4? T
cells. J Gen Virol 77(Pt 4):705–714
15. Glass WG, Lim JK, Cholera R, Pletnev AG, Gao JL et al (2005)
Chemokine receptor CCR5 promotes leukocyte trafficking to the
brain and survival in West Nile virus infection. J Exp Med
202:1087–1098
16. Luhn K, Simmons CP, Moran E, Dung NT, Chau TN et al (2007)
Increased frequencies of CD4? CD25(high) regulatory T cells in
acute dengue infection. J Exp Med 204:979–985
17. Brien JD, Uhrlaub JL, Nikolich-Zugich J (2007) Protective
capacity and epitope specificity of CD8(?) T cells responding to
lethal West Nile virus infection. Eur J Immunol 37:1855–1863
18. Purtha WE, Myers N, Mitaksov V, Sitati E, Connolly J et al
(2007) Antigen-specific cytotoxic T lymphocytes protect against
lethal West Nile virus encephalitis. Eur J Immunol 37:1845–1854
19. Shrestha B, Diamond MS (2007) Fas ligand interactions con-
tribute to CD8? T-cell-mediated control of West Nile virus
infection in the central nervous system. J Virol 81:11749–11757
20. Brien JD, Uhrlaub JL, Nikolich-Zugich J (2008) West Nile virus-
specific CD4 T cells exhibit direct antiviral cytokine secretion
and cytotoxicity and are sufficient for antiviral protection.
J Immunol 181:8568–8575
21. Fujii Y, Kitaura K, Nakamichi K, Takasaki T, Suzuki R et al
(2008) Accumulation of T-cells with selected T-cell receptors in
the brains of Japanese encephalitis virus-infected mice. Jpn J
Infect Dis 61:40–48
22. Fujisaki Y, Miura Y, Sugimori T, Murakami Y, Miura K (1983)
Experimental studies on vertical infection of mice with Japanese
encephalitis virus. IV. Effect of virus strain on placental and fetal
infection. Natl Inst Anim Health Q (Tokyo) 23:21–26
23. Kasahara T, Miyazaki T, Nitta H, Ono A, Miyagishima T et al
(2006) Evaluation of methods for duration of preservation of
RNA quality in rat liver used for transcriptome analysis. J Toxi-
col Sci 31:509–519
24. Fujii Y, Hayasaka D, Kitaura K, Takasaki T, Suzuki R et al
(2011) T-cell clones expressing different T-cell receptors accu-
mulate in the brains of dying and surviving mice after peripheral
infection with far eastern strain of tick-borne encephalitis virus.
Viral Immunol 24:291–302
25. Fujii Y, Kitaura K, Matsutani T, Shirai K, Suzuki S et al (2013)
Immune-related gene expression profile in laboratory common
marmosets assessed by an accurate quantitative real-time PCR
using selected reference genes. PLoS One 8:e56296
26. Tsuruta Y, Iwagami S, Furue S, Teraoka H, Yoshida T et al
(1993) Detection of human T cell receptor cDNAs (alpha, beta,
gamma and delta) by ligation of a universal adaptor to variable
region. J Immunol Methods 161:7–21
27. Matsutani T, Yoshioka T, Tsuruta Y, Iwagami S, Suzuki R (1997)
Analysis of TCRAV and TCRBV repertoires in healthy individ-
uals by microplate hybridization assay. Hum Immunol 56:57–69
28. Yoshida R, Yoshioka T, Yamane S, Matsutani T, Toyosaki-Ma-
eda T et al (2000) A new method for quantitative analysis of the
mouse T-cell receptor V region repertoires: comparison of rep-
ertoires among strains. Immunogenetics 52:35–45
29. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG et al (2000)
A novel transcription factor, T-bet, directs Th1 lineage commit-
ment. Cell 100:655–669
30. Neurath MF, Weigmann B, Finotto S, Glickman J, Nieuwenhuis
E et al (2002) The transcription factor T-bet regulates mucosal T
cell activation in experimental colitis and Crohn’s disease. J Exp
Med 195:1129–1143
31. Robinson DS, Lloyd CM (2002) Asthma: T-bet—a master con-
troller? Curr Biol 12:R322–R324
32. Zhang DH, Cohn L, Ray P, Bottomly K, Ray A (1997) Tran-
scription factor GATA-3 is differentially expressed in murine
Th1 and Th2 cells and controls Th2-specific expression of the
interleukin-5 gene. J Biol Chem 272:21597–21603
33. Farrar JD, Ouyang W, Lohning M, Assenmacher M, Radbruch A
et al (2001) An instructive component in T helper cell type 2 (Th2)
development mediated by GATA-3. J Exp Med 193:643–650
34. Kishikawa H, Sun J, Choi A, Miaw SC, Ho IC (2001) The cell
type-specific expression of the murine IL-13 gene is regulated by
GATA-3. J Immunol 167:4414–4420
35. Lowenthal JW, Zubler RH, Nabholz M, MacDonald HR (1985)
Similarities between interleukin-2 receptor number and affinity
on activated B and T lymphocytes. Nature 315:669–672
36. Yokoyama WM, Koning F, Kehn PJ, Pereira GM, Stingl G et al
(1988) Characterization of a cell surface-expressed disulfide-
linked dimer involved in murine T cell activation. J Immunol
141:369–376
37. Marie JC, Letterio JJ, Gavin M, Rudensky AY (2005) TGF-beta1
maintains suppressor function and Foxp3 expression in
CD4?CD25? regulatory T cells. J Exp Med 201:1061–1067
38. Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB et al
(2001) Disruption of a new forkhead/winged-helix protein,
scurfin, results in the fatal lymphoproliferative disorder of the
scurfy mouse. Nat Genet 27:68–73
39. Fontenot JD, Gavin MA, Rudensky AY (2003) Foxp3 programs
the development and function of CD4?CD25? regulatory T
cells. Nat Immunol 4:330–336
40. Hori S, Nomura T, Sakaguchi S (2003) Control of regulatory T
cell development by the transcription factor Foxp3. Science
299:1057–1061
41. Khattri R, Cox T, Yasayko SA, Ramsdell F (2003) An essential
role for Scurfin in CD4?CD25? T regulatory cells. Nat Immunol
4:337–342
42. Bendelac A, Rivera MN, Park SH, Roark JH (1997) Mouse CD1-
specific NK1 T cells: development, specificity, and function.
Annu Rev Immunol 15:535–562
43. Garboczi DN, Ghosh P, Utz U, Fan QR, Biddison WE et al
(1996) Structure of the complex between human T-cell receptor,
viral peptide and HLA-A2. Nature 384:134–141
44. Garcia KC, Degano M, Stanfield RL, Brunmark A, Jackson MR
et al (1996) An alphabeta T cell receptor structure at 2.5 A and its
orientation in the TCR-MHC complex. Science 274:209–219
45. Ding YH, Smith KJ, Garboczi DN, Utz U, Biddison WE et al
(1998) Two human T cell receptors bind in a similar diagonal
mode to the HLA-A2/Tax peptide complex using different TCR
amino acids. Immunity 8:403–411
46. Garcia KC, Degano M, Pease LR, Huang M, Peterson PA et al
(1998) Structural basis of plasticity in T cell receptor recognition
of a self peptide-MHC antigen. Science 279:1166–1172
47. Wang F, Ono T, Kalergis AM, Zhang W, DiLorenzo TP et al
(1998) On defining the rules for interactions between the T cell
receptor and its ligand: a critical role for a specific amino acid
residue of the T cell receptor beta chain. Proc Natl Acad Sci USA
95:5217–5222
48. Chiba N, Iwasaki T, Mizutani T, Kariwa H, Kurata T et al (1999)
Pathogenicity of tick-borne encephalitis virus isolated in Hok-
kaido, Japan in mouse model. Vaccine 17:779–787
49. Hayasaka D, Nagata N, Fujii Y, Hasegawa H, Sata T et al (2009)
Mortality following peripheral infection with tick-borne
encephalitis virus results from a combination of central nervous
system pathology, systemic inflammatory and stress responses.
Virology 390:139–150
50. Murali-Krishna K, Ravi V, Manjunath R (1994) Cytotoxic T
lymphocytes raised against Japanese encephalitis virus: effector
cell phenotype, target specificity and in vitro virus clearance.
J Gen Virol 75(Pt 4):799–807
774 K. Shirai et al.
123
51. Takada K, Masaki H, Konishi E, Takahashi M, Kurane I (2000)
Definition of an epitope on Japanese encephalitis virus (JEV)
envelope protein recognized by JEV-specific murine CD8?
cytotoxic T lymphocytes. Arch Virol 145:523–534
52. Biswas SM, Ayachit VM, Sapkal GN, Mahamuni SA, Gore MM
(2009) Japanese encephalitis virus produces a CD4? Th2
response and associated immunoprotection in an adoptive-trans-
fer murine model. J Gen Virol 90:818–826
53. Lanteri MC, O’Brien KM, Purtha WE, Cameron MJ, Lund JM
et al (2009) Tregs control the development of symptomatic West
Nile virus infection in humans and mice. J Clin Investig
119:3266–3277
54. Omri B, Crisanti P, Alliot F, Marty MC, Rutin J et al (1994) CD4
expression in neurons of the central nervous system. Int Immunol
6:377–385
55. Alliot F, Marty MC, Cambier D, Pessac B (1996) A spontane-
ously immortalized mouse microglial cell line expressing CD4.
Brain Res Dev Brain Res 95:140–143
56. Sakaguchi S (2005) Naturally arising Foxp3-expressing
CD25?CD4? regulatory T cells in immunological tolerance to
self and non-self. Nat Immunol 6:345–352
57. Suvas S, Kumaraguru U, Pack CD, Lee S, Rouse BT (2003)
CD4?CD25? T cells regulate virus-specific primary and mem-
ory CD8? T cell responses. J Exp Med 198:889–901
58. O’Garra A, Vieira P (2004) Regulatory T cells and mechanisms
of immune system control. Nat Med 10:801–805
59. Kumar V (2004) Homeostatic control of immunity by TCR
peptide-specific Tregs. J Clin Investig 114:1222–1226
60. Diamond MS, Shrestha B, Marri A, Mahan D, Engle M (2003) B
cells and antibody play critical roles in the immediate defense of
disseminated infection by West Nile encephalitis virus. J Virol
77:2578–2586
61. Tesh RB, Siirin M, Guzman H, Travassos da Rosa AP, Wu X et al
(2005) Persistent West Nile virus infection in the golden hamster:
studies on its mechanism and possible implications for other
flavivirus infections. J Infect Dis 192:287–295
62. Cabrera R, Tu Z, Xu Y, Firpi RJ, Rosen HR et al (2004) An
immunomodulatory role for CD4(?)CD25(?) regulatory T
lymphocytes in hepatitis C virus infection. Hepatology
40:1062–1071
T-cell response in JEV infection 775
123
